ABSTRACT The neurohormone ovary ecdysteroidogenic hormone I (OEH I), originally identiÞed from Aedes aegypti (L.), has an effect on mosquito ecdysteroidogenesis. Would there be a similar presence and function in other adult ßies, e.g., black blow ßy, Phormia regina (Meigen)? One pair of median neurosecretory cells (MNC OEH I ) and one pair of lateral neurosecretory cells (LNC OEH I ) were immunopositive to OEH I antiserum in the brain of sugar-fed and liver-fed female P. regina. In addition, two pairs of neurosecretory cells (SOGNC OEH I ) positive to this antiserum were found in the suboesophageal ganglion only in adult female P. regina at 16, 20, 23, 28, 36, and 72 h after a liver meal. In addition to the positive pairs of MNC OEH I and LNC OEH I in females, there were four more pairs of positive neurons (MSNFNC OEH I ) in the region between the MNC OEH I and the esophageal foramen in P. regina males, but not in females. The presence of OEH I in male ßies needs further attention as to the function of this hormone in male dipterans. We also found substances positive to Drosophila melanogaster Meigen insulin receptor antiserum located in the corpus cardiacum and the nerves going to the corpus allatum of adult female P. regina at 6 and 30 h after the liver meal, but not to the brain.
STUDIES ON ADULT black blow ßy, Phormia regina (Meigen), suggest that 6 h after feeding on protein, the meal triggers the release of a midgut hormone that travels through the hemolymph to reach the brain and activate neurosecretory cells, thus setting up a neuroendocrine cascade that leads to oogenesis (Yin et al. 1994 , Tu 2000 . SpeciÞcally, it has been observed that, after staining serial brain sections with paraldehydefuchsin, a dozen of the same brain median and two separate groups of lateral neurosecretory cells exhibit cell volume increases peaking at 2Ð 4 h after the alleged release of the midgut hormone (M.-P. Tu, personal communication) . Thus, it is interesting to know what kind of hormone these endocrine cells may produce in response to the message conveyed by the midgut hormone. In addition to the identiÞcation of these hormones, an identiÞcation of their source also will lead to a better understanding of the hierarchy of the neural/hormonal reactions that result in the completion of oogenesis in this species.
It also is known that in adult female P. regina, at Ϸ12 h after the liver-induced size change of the brain neurosecretory cells, the corpus allatum (CA) activity (as estimated by a radiochemical assay) and hemolymph ecdysteroid titer (as estimated by a radioimmunoassay) are both signiÞcantly increased (Zou et al. 1989 , Yin and Stoffolano 1990 , Tu 2000 . Such a temporal relationship shows that the liver meal precedes the midgut hormone release, which occurs before the production/release of some kind of brain hormones as reßected by the volume changes of some neurosecretory cells. The released brain neurohormones then up-regulate juvenile hormone (JH) and ecdysteroid syntheses.
Among the various hormone functions of the brain, reports suggest several possible candidates that can serve as intermediaries between the brain and juvenile hormone/ecdysteroid biosynthesis. Direct or indirect evidence showed that allatotropin (Tu et al. , 2002a , ovarian ecdysteroidogenic hormone (Brown et al. 1998, Cao and Brown 2001) , as well an insulin/ insulin receptor-associated signaling pathway (Tatar et al. 2001) , can theoretically all participate in the regulation of titer changes in juvenile hormones and ecdysteroids in higher dipterans.
In the yellow fever mosquito, Aedes aegypti (L.), the ingestion of a bloodmeal leads to the release of hormones from median neurosecretory cells in the brain to stimulate the ovaries to secrete ecdysteroids (Lea 1967 (Lea , 1972 . These hormones were later named ovary ecdysteroidogenic hormones (OEHs) by Matsumoto et al. (1989) . The ecdysteroids modulate the produc-tion of yolk protein in the fat body of this mosquito (Hagedorn 1985) . One of these OEHs, OEH I, was isolated and identiÞed as the Þrst steroidogenic gonadotropin from invertebrates (Brown et al. 1998) . Because this mosquito brain hormone is triggered by a protein (blood) meal and supports oogenesis, a similar hormone or hormone family may exist in higher dipterans. The observation that these OEHs are not detected in Drosophila (Riehle et al. 2002) adds an interesting twist. We have investigated here this OEH possibility by using adult P. regina as a model.
Equally interesting is the discovery of an insulin-like peptide (Cao and Brown 2001) , an insulin-like receptor in Drosophila melanogaster Meigen (Ruan et al. 1995 , Chen et al. 1996 , and an insulin-like peptide in Ae. aegypti (Cao and Brown 2001) . Also, it has been shown that insulin mediates secretion of ecdysteroids from the ovaries of Ae. aegypti (Graf et al. 1997 ). More recent results, using mutants with dysfunction of the insulin-receptor or insulin-receptor substrate genes, suggest that the insulin-like signaling pathway is intimately related to the biosynthesis of juvenile hormones and ecdysteroids in D. melanogaster (Tatar et al. 2001 , Tu et al. 2002b . It is conceivable that an insulin-like peptide might be involved in the hormone regulation of oogenesis at the steps between the release of midgut hormone and production of juvenile hormones and ecdysteroids in P. regina.
Among the candidates that can serve as intermediaries between the brain and juvenile hormone/ecdysteroid biosynthesis, the immunolocalization of Mas AT and its activation of Phormia CA, in vitro, have been reported previously (Tu et al. , 2002a . In this study, we report that in the adult P. regina cephalic nervous system there are neurons that reacted positively to the anti-OEH I and anti-insulin receptor antisera by using immunohistochemistry procedures.
Materials and Methods
Insects. P. regina was reared and maintained as described previously (Stoffolano 1974 , Zou et al. 1989 , Yin et al. 1994 . Mature larvae were allowed to crawl out of the medium and into sand to pupariate. Puparia were collected daily and allowed to emerge in screened cages. Flies emerging within 4 h of one another were sexed, and each sex was placed in the same age group or cohort (h 0, day 1). All ßies were kept under a photoperiod of 16:8 (L:D) h at 28 Ϯ 2ЊC, 50% RH. During the Þrst 3 d after emergence, a 4.3% sucrose solution was provided to all ßies. However, to prepare ßies for liver feeding, sucrose was taken away, and the females were "starved" overnight for 18 h without water or sucrose to ensure an empty crop (Yin et al. 1994) . Flies were fed Þnely chopped beef liver, ad libitum, at 72 h of adulthood, for 1.5 h to allow time for an adequate protein meal. The sucrose solution was again provided to all ßies, ad libitum, after the beef liver-feeding bout. To better synchronize the ßiesÕ physiology, only ßies weighing Ͼ55 mg immediately after liver feeding were used (Yin et al. 1994 ).
Whole-Tissue Immunohistochemistry. Flies were anesthetized by CO 2 and kept on ice before dissection. Sugar-and liver-fed P. regina were injected with 4% (wt:vol) paraformaldehyde in a sodium phosphate buffer (0.1 M, pH 7.4). After making some incisions to facilitate the penetration of Þxative, the injected ßies were soaked in 4% paraformaldehyde overnight before tissue removal. Fixed brain, thoracicoabdominal ganglion, corpus cardiacum (CC)Ð corpus allatum complex, muscle, and gut were dissected in Phormia saline (Chen and Friedman 1975) for whole-mount preparations.
Whole-mount preparations were processed using an immunoßuorescence method adapted from Davis (1987) . Brießy, the Þxed tissues were washed thoroughly four to six times (1 h each) in phosphate buffered saline, plus 0.5% Triton X-100 (PBST). The tissues were blocked in 10% normal goat serum (NGS) in PBST for 1 h before soaking them in the primary antisera for 3 d at 4ЊC with no agitation. Ae. aegypti OEH I antiserum was a gift from Dr. Mark R. Brown (Brown et al. 1998 ) and was used here at 1:500 dilution in 10% NGS/PBST. AfÞnity-puriÞed D. melanogaster insulin receptor antiserum was reported previously (Marin-Hincapie and Garofalo 1995) and used here at 1:100 dilution. After treatment with primary antiserum, tissues were washed Þve times (1 h each) in PBST, blocked a second time with 10% NGS in PBST for 1 h. Tissues were next treated with rhodamine (tetramethylrhodamine B isothiocyanate)-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), 1:200 dilution in 10% NGS/PBST) in the dark overnight (Ϸ18 h) at room temperature. Tissues were washed three times with PBST (20 min each) in the dark before clearing in a glycerol series (40, 60, and 80% glycerol in carbonate/ bicarbonate buffer, pH 9.5, 30 min in each glycerol solution). Preparations were stored in 80% glycerol at 4ЊC in the dark for later use or mounted on a microscope slide with Vectashield (Vector Laboratories, Burlingame, CA) mounting medium. The edges of the coverglass were sealed with clear nail polish to extend the storage life of the preparations. The slides were observed using an epißuorescent microscope (Carl Zeiss, Thornwood, NY) equipped with a Þlter for rhodamine. Digitized images were prepared with a confocal microscope (MRC600 krypton-argon, BioRad, Richmond, CA) by using an exciter wavelength of 568 nm and GR2 emission Þlter block) located at the Central Microscope Facility of the University of Massachusetts, Amherst. Digitized images were recorded using the software COMOS (Bio-Rad) and processed for publication with Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA). Control whole mount immunohistochemical preparations for OEH I antiserum were prepared in the absence of the antiserum or in the presence of a preabsorbed OEH I antiserum. Preabsorption was done by incubating 2 g of synthetic OEH I (based on the amino acid sequence of the genomic DNA/polymerase chain reaction product) with 1 l of Aedes OEH I antiserum overnight at 4ЊC. Control preparations for Drosophila insulin-receptor antiserum were prepared in the absence of the antiserum or in the presence of a preabsorbed Drosophila insulin-receptor antiserum (2 g of the antigenic peptide per 1 l of Drosophila insulin receptor antiserum overnight at 4ЊC).
Results
Localization of Ae. aegypti OEH I Immunoreactive Cells in P. regina. We Þrst examined ßies collected at 0 h (i.e., sugar-fed ßies) and 4 h after the liver meal. Immunostained cells were only observed in the cephalic nervous system and showed differences between the sexes. Regardless of sex and dietary regimen (e.g., sugar-or liver-fed), one pair of median (MNC OEH I ) and one pair of lateral neurosecretory cells (LNC OEH I ) always were stained with the OEH I antiserum (Fig. 1A) . The MNC OEH I , like other MNC reported, were located in the ßanking regions of the median furrow of the pars intercerebralis. Each of the two LNC OEH I was located close to the optical lobe and into the protocerebrum at nearly one-third to one-half the way. These two lateral neurons were not always found at the same depth of Þeld. However, an obvious difference was observed between sexes, males always had four more pairs of positive cells arranged in two very straight, dorsal-ventral lines, which were located on each side of the esophageal foramen and halfway to the inner edges of the optical lobes (Fig. 1B) . In males, these cells were located very close to the posterior brain surface. The dorsal aspect of the region occupied by these cells is located about halfway between the MNCs and the dorsal aspect of the esophageal foramen. The ventral most of these pairs of cells was located at slightly more dorsal or about the same level of the dorsal aspect of the foramen. These OEH I antiserum-responsive cells, near the foramen neurosecretory cells (MSNFNC OEH I ) in males, have not been reported previously (Fig. 1B) .
To further examine OEH I-positive neurons during a gonotrophic cycle, we probed the female cephalic nervous system at different times after the liver meal (Table 1) . This time period covered the entire Þrst ovarian cycle (up to 48 h after the liver meal) and one full day thereafter. This more detailed study uncovered additional neurons in the suboesophageal gan- glion immunostained with the anti-OEH I antiserum. At each side of the median line of the suboesophageal ganglion, two large adjacent neurons (SOGNC OEH I ) were prominently stained immunohistologically (Fig. 1C) . Moreover, the presence of this speciÞc immunoreactivity showed an irregular temporal pattern. Only the suboesophageal ganglia of ßies removed at 16, 23, 28, 36, and 72 h after their liver meal contained OEH-I-positive neurons. In all the females examined, the number and location of brain MNC OEH I and LNC OEH I remained the same. The summarized results of the time course study in females are shown in Table 1 . A similar study was done on males at 4 and 16 h after the liver meal and revealed no positive neurons in the suboesophageal ganglion.
Localization of Immunoreactive Cells to Drosophila Insulin-Like Receptor Antiserum in Female P. regina. The similar sets of tissues were probed for immunoreactivity against anti-D. melanogaster insulinlike receptor antiserum for female ßies at 6 and 30 h after a liver meal. Among all the tissues tested, which included the brain, positive responses were identiÞed only in the corpus cardiacum (CC) and its nerves going to the CA at both 6 and 20 h as tested (Fig. 1D) . We did not observe any positive signals from the CA cells at these two time points.
Discussion
One of our long-term goals is to deÞne the various actions of the midgut hormone, which regulates oogenesis of P. regina. It occurred to us that two possible elements in the total actions may be related to OEH I (or OEH I-like substance), which controls the ovary ecdysteroidogenesis in mosquitoes, and to the insulin receptor (or insulin receptor-like substance), which mediates the insulin signaling pathway controlling juvenile hormone biosynthesis (Tatar et al. 2001 ) and ovary ecdysteroidogenesis in D. melanogaster (Tu et al. 2002b) . Although OEH and the insulin-like peptide have not been previously identiÞed in P. regina, they both have been identiÞed in other dipterans (OEH, Brown et al. 1998 ; insulin-like peptide, Cao and Brown 2001). Thus, their functions downstream to the midgut hormone in P. regina may really exist because previous work (Zou et al. 1989, Yin and Stoffolano 1990) showed that after release of the midgut hormone, there is a tremendous increase in juvenile hormone and ecdysteroid synthesis in liver-fed P. regina. Taking advantage of the availability of an Ae. aegypti OEH I antiserum and a D. melanogaster insulin receptor antiserum, we found substances that reacted positively to these antisera in the cephalic nervous system of P. regina, which includes the CCÐCA complex. The recent report by Kim and Rulifson (2004) further supports Þnding of an insulin-receptor in the corpus cardiacum of P. regina.
The neurohormone OEH I was originally identiÞed in two to three pairs of MNCs of adult female of Ae. aegypti (Brown et al. 1998 ). There are Ϸ10 MNCs in larvae and 24 MNCs in adult Ae. aegypti that stained in both sexes to the OEH I antiserum (Brown and Cao 2001) . In contrast, the brain of female P. regina contained one pair of MNCs and one pair of LNCs. The MNCs were located near the median furrow of the pars intercerebralis, just like other reported MNCs. But the location of the LNCs responsive to the OEH I antiserum was rather deep into the protocerebrum, very dissimilar to the not-so-deep position of other reported LNCs, which contain hormones other than OEH. Furthermore, it may be prudent to think about the function of OEH in terms other than its role in "ovary ecdysteroidogenic" because additional OEH-I-positive cells exist in male ßies. It is tempting to postulate that these OEH I cells may be involved in a testis steroidogenic function because the precedence for a testis ecdysiotropin in insects has been demonstrated in male gypsy moth, Lymantria dispar (L.) (Loeb et al. 2001) . The presence of OEH I (or OEH I-like substance) in female P. regina suggests that it also may control ovarian production of ecdysteroids. However, this possibility is not so obvious when data were compared. In adult P. regina, the titer changes of ecdysteroids in the hemolymph, as well as in the ovary, are triggered by a liver meal and are correlated to vitellogenesis and oogenesis (Yin and Stoffolano 1990) . Subsequently, one would expect to see a series of changes in the expression of OEH I in response to the dietary intake of the ßy. Our results showed that there is no obvious intensity change in the immunoreaction of brain OEH I cells between sugar-and liver-fed ßies. Our results, however, cannot rule out possible changes in the release of brain OEH I into hemolymph. Nutritionally affected allatotropin expression in the larval nerve cord of Manduca sexta (L.) has been documented previously (Lee and Horodyski 2002) . There also was little correlation between the suboesophageal ganglion OEH I cells and the hemolymph ecdysteroid titer changes in the liver-fed female P. regina. Yin and Stoffolano (1990) showed that before liver feeding, the hemolymph ecdysteroid titer was low (i.e., at Ͻ5 pg per ßy level). The titer changes from 70 to 80 pg per ßy at 16 h after a liver meal. A further increase to nearly 100 pg per ßy occurs at 24 h before a steep increase to around 250 pg per ßy at 36 h after liver meal. The ecdysteroid titer then decreases steadily to a very low level toward the completion of sequestration of vitellogenin by the developing oocytes, which is 60 h after liver meal. Within 12 h after chorion development, eggs are laid by mated females. SuperÞcially, these landmark events seem to be punctuated by the presence of the four immunostained suboesophageal ganglion neurosecretory cells. They occurred at 16, 23, 28, 36 , and 72 h after liver meal. The loose association between the timing of immunostaining reactions and the gonotrophic cycle may be artiÞcial due to our sampling scheme. A more thorough examination may show these loose associations false.
At the moment, we do not know whether in P. regina the presence of immunoreactive material in the neuron means production and release of OEH I or just storage with little release. Brown et al. (1986) show that within 6 h after a bloodmeal, the intensity of immunoreactivity toward FMRFamide and the number of reactive cells are reduced in the midgut endocrine cells of a mosquito. However, Jenkins et al. (1989) found that twice as many of FMRFamide cells and four times as many of FMRFamide are found in the midgut of the fed, compared with the starved corn earworm, Helicoverpa zea (Boddie). In the current study, we did not observe changes in cell number, cell location, or stain intensity. A bioassay to conÞrm the ecdysteroidogenic function of OEH I in P. regina, and a determination of hemolymph OEH I titer, will be needed to better interpret the present immunohistological results.
Our results with sugar-fed female and liver-fed male P. regina suggest that OEH may have a vital function, other than ovary ecdysteroidogenic, in P. regina ßies of different nutritional states. Neuropeptides are known to have more than one major function. For example, the neuropeptide M. sexta allatotropin has myotropic, midgut ion transportation, regulatory, and allatotropic functions (Veenstra et al. 1994 , Lee et al. 1998 . The study of Loeb et al. (2001) on male L. dispar suggests that other male insects use this hormone in some aspect of their biology. Because both sugar-fed and liver-fed male P. regina have a full complement of sperm (Stoffolano 1974) , OEH may play a role in accessory reproductive gland (ARG) development because both sugar-fed and diapausing males have undeveloped ARGs (Stoffolano 1974) .
The existence of an insulin receptor in insects has received considerable attention, but its gene structure has been only characterized in D. melanogaster and Ae. aegypti (Ruan et al. 1995 , Chen et al. 1996 , Graf et al. 1997 , Cao and Brown 2001 . In D. melanogaster, the insulin receptor is involved in the regulation of growth during the larval stage (Chen et al. 1996) and reproduction and aging in adults (Tatar et al. 2001) , whereas in Ae. aegypti, the insulin receptor is involved in ecdysteroidogenesis (Graf et al. 1997) . Reduced ecdysone synthesis in D. melanogaster carrying InR mutations suggests the insulin receptor also serves this function in ßies (Tu et al. 2002b ). Immunocytochemical and in situ hybridization studies in Ae. aegypti showed this receptor is expressed before a bloodmeal and mainly in the nurse cells of the developing oocytes. After a bloodmeal, follicle and nurse cells contain mRNA coding for this receptor. The intensity of expression rises in the follicle cells until they degenerate during chorion production (Helbling and Graf 1998). Previously, Garofalo and Rosen (1988) showed the presence of a Drosophila insulin receptor homolog mRNA in nurse cells, and mature oocytes, but not in follicle cells.
In P. regina, the speciÞc presence of insulin-receptor-like immunostaining in the region of the CCÐ hypocerebral ganglion complex and the nerves going to the CA suggests that the insulin receptor participates in the regulation of hormone release at either the CC complex level or the CA or both. Rulifson et al. (2002) showed that insulin-like peptides are found in processes of brain cells of D. melanogaster that extend to the CC of the larval ring-gland and the heart, whereas Cao and Brown (2001) showed that axons of insulinproducing neurons extend into the CC, but not the CA in adult D. melanogaster. Because larval nerve tracts are probably retained into the adult, the location of an insulin receptor in the CC further supports the conclusion that a functional insulin-signaling system regulating the release of other hormones is present at this site. Further support for our Þnding is the recent report of Kim and Rulifson (2004) showing that the CC cells in D. melanogaster are involved in hemolymph glucose homeostasis.
What then is the demonstrated function of the CC in P. regina? Chen and Friedman (1977a, b) showed that removal of the CCÐCA complex in adult P. regina resulted in an elevated hemolymph trehalose level. The presence of an insulin-like hormone having a hypotrehalosemic function has been reported in several insects (Mordue and Morgan 1985, Thompson 2003) . In addition, the CCÐCA complex is the site of synthesis of JH and adipokinetic hormone (AKH), which regulates hemolymph sugar levels (Orchard 1987 , Gäde 1990 , Staubli et al. 2002 , Kim and Rulifson 2004 . JH levels are decreased in D. melanogaster InR mutants (Tatar et al. 2001 ) and the insulin-like peptide, DILP2, has been shown to accumulate in AKH cells in Drosophila (Rulifson et al. 2002) , suggesting a role for the insulin-signaling system in regulation of these two hormones at this site. Thus, Þnding the insulin receptor immunoreactive material in the CC is a beginning step in elucidating the role of the insulinsignaling system in P. regina, an ideal insect model system for understanding the mechanisms regulating carbohydrate feeding (Dethier 1976 , Stoffolano 1995 .
